Abstract. fracture properties and crack propagation characteristics of asphalt concrete mixtures were studied by obtaining fracture resistance curves using three point single edge Se(B) notched beam specimens. elastic-plastic approach is used in the calculation of the j-integral since the fracture process zone size is large enough to not use a linear elastic approach. Crack length measurements were obtained directly from high resolution images taken during the tests. a rising r-curve was observed in all the specimens which indicates ductility and a toughening mechanism in the ductile to quasi-brittle fracture of the mixture. Mixtures developed by limestone and siliceous aggregates with 4%, 4.5% and 5% binder contents were tested at temperatures ranging from +5ºC to -20ºC. Mixtures with 5% binder content showed greater crack resistant behavior at each temperature. Crack lengths at which crack propagation instability occurred were decreased by the reduction of temperature. A significant drop of this critical crack length is observed in temperatures below -15ºC. as well, the elastic-plastic fracture toughness is increased by the reduction of temperature up to -15ºC and starts to diminish thereafter.
Introduction
Low-temperature cracking of hot Mix asphalt (hMa) has been a serious concern for pavement engineers during years. experience has shown that even though the effect of these non-loading cracks on the transportation quality may be negligible at the initial stages, but infiltration of water into the cracks, as well as reduction of the structural integrity and the load bearing capacity of the pavement in the cracked zones which cause the propagation of the initial cracks and further damage to the pavement, lead to a considerable deterioration of the pavement structure during its performance period.
Studying the behavior of hMa at low temperatures from a fracture mechanics point of view has received substantial attention in the past decade. Various test methods have been used by researchers to investigate fracture properties of asphalt concrete mixtures. Braham et al. (2007) studied the effect of binder type, aggregate, and mixture composition on the fracture energy of hMa at low temperatures by means of disc-shaped compact tension tests, DC(T). Wagoner et al. (2005) compared different test methods and developed a fracture test procedure based on the three point single edge notched bend, SE(B), configuration. It was concluded in their work that the Se(B) provides the most promising method for evaluating fracture properties of asphalt concrete mixtures due to its capability for pure mode i loading, test simplicity, and amendable stress states (simple stress fields, minimal end effects, etc.). examples of the use of Se(B) test can also be seen in the works done by reis et al. (2011) for studying fracture properties of PET modified asphalt. Dongre et al. (1989) , implemented low temperature testing on single edge notched bend Se(B) specimens with varying binder properties. Linear elastic fracture mechanics approach (LefM) was used to obtain the mode i fracture toughness, K iC . a procedure to estimate the approximate elastic-plastic critical strain release rate, j C , was also implemented. The two toughness quantities were compared and it was shown that the j C is a more realistic fracture characterization approach.
in a research by Kim and el hussein (1997) , low temperature fracture toughness values were obtained experimentally for asphalt concrete based on nonlinear elastic relations using lime and granite aggregates and different conditioning scenarios. Their results showed that the fracture toughness variations followed analogous trends for both aggregate types and conditioning scenarios. K iC exhibited an increase from -5 ºC to -15 ºC and then reduced to -30 ºC. Both the increase and the reduction in K iC were concluded to be results of mechanical adhesion variations of the binder and aggregate matrix in the mixture.
The unloading compliance approach and the r-curve concept has been employed (Mobasher, Mamlouk 1997) based on the non-linear fracture mechanics to evaluate the crack propagation properties of conventional and asphalt rubber mixtures. The energy release rate was obtained to account for the inelastic effects. a total stress intensity factor was calculated and the crack length at successive intervals of crack growth was computed by means of an unloading compliance process which consisted of using a compliance equation proposed principally for concrete. Variations of the K iC with percent binder content and temperature were compared and evaluated. Tests were conducted at two temperature levels of -1 ºC and -7 ºC. it was concluded that the fracture toughness of the mixtures increased by increasing the binder content. Marasteanu et al. (2002) , assumed the validity of the LEFM concept for asphalt concrete due to the sufficiently large specimen size they used in the Se(B) specimens and conducted fracture toughness tests based on aSTM e399-09 (2009) to obtain the linear elastic planestrain fracture toughness, K iC , of asphalt mixtures at low temperatures. They applied the compliance method suggested in aSTM e399-09 (2009) for metallic materials to calculate the crack length and obtained the K-r curves. results showed that the linear elastic fracture toughness is increased by the crack length and that the mixture exhibited more nonlinear behavior in -18 ºC than in -34 ºC. Li and Marasteanu (2010) , reported a relatively large size of the fracture process zone (fPZ) in their investigations on semi-circular bend (SCB) samples of asphalt concrete mixtures at low temperatures which further necessitates the fracture analysis of asphalt mixture with elastic-plastic fracture mechanics (ePfM).
The j-integral proposed by rice (1968), has been a widely used elastic-plastic fracture parameter for describing stresses and the intensity of the HRR field around the crack tip. j-r curves, as the most important material property in ePfM analysis, is an illustration of the resistance of a material to crack propagation (Zhu, joyce 2009) .
The resistance curve is also used to predict conditions necessary for unstable crack growth through the material (anderson 2005). Determination of j-r curves requires the crack length to be known. hence, the crack length must be monitored during the test. The multiple specimen test procedure, in which the crack length is measured visually on the fracture surface has been a common test protocol. however, this procedure needs a considerable number of specimens to be developed and tested for obtaining a j-r curve. as well, in aSTM e1820-09 (2009), this method is valid only if the fracture initiation toughness is to be determined. in order to be able to obtain a full-range j-r curve, two single specimen techniques were developed in which the crack lengths are either monitored by the electrical potential drop or the elastic compliance (Zhu, joyce 2012) . The latter technique is not applicable to asphalt concrete mixtures since the material is not an electrical conductor.
The unloading compliance method is widely used in j-r curve testing of metals; nevertheless, techniques such as the normalization method for obtaining crack lengths have also shown close agreements with the unloading compliance method (Zhu, joyce (2007) . however, since the unloading compliance method cannot be used for materials that do not exhibit a perfectly linear-elastic behavior in loading (Zhu, joyce 2012) and due to the non-homogenous nature of the asphalt mixture as well as its hysteretic behavior in loading/unloading cycles, obtaining crack extensions by the above mentioned method may not be reliable.
it can be observed from the above that a majority of fracture mechanics researches on asphalt concrete mixtures so far have been focusing on obtaining (mostly elastic) fracture criteria such as toughness values, fracture energy, etc. however, in order to better assess the low temperature fracture failure mechanisms as well as the preventive measures in asphalt concrete, a detailed knowledge of asphalt resistance to crack growth is essential.
Due to lack of available information about the trend of crack growth in asphalt concrete mixtures and in order to be able to design mixtures with satisfactory fracture properties, in this research, mode i elastic-plastic crack propagation regime of asphalt concrete at low temperatures are studied by means of the resistance curves.
in this research, a single specimen technique is used for an elastic-plastic fracture resistance analysis of the asphalt concrete mixtures. The Se(B) test is used for fracture analysis of asphalt concrete in this research based on its advantage over other configurations (Wagoner et al. 2005) . actual crack extensions during the test are measured from the images taken by high resolution digital cameras during the test to assure the accuracy of the results. This process can be a suitable alternative for the unloading compliance method and the compliance equations for obtaining increments of crack extension since the hysteretic effects and inelasticity of the asphalt concrete mixture bring about inaccuracies in crack length calculations. in order to obtain more accurate results, and due to uncertainties and overestimations resulted in the load-line displacement based j-integral calculations, a crack mouth opening displacement (CMOD) based j-integral is described and used. in addition to the determination of the values of the elastic plastic fracture initiation toughness (j iC ) using the resistance curves, critical crack lengths initiating unstable crack propagation are also obtained along with the corresponding value of the j-integral at the onset of unstable crack growth.
Materials and methods

Specimen preparation
Mixtures with limestone (a) and siliceous aggregates (B) having three different binder contents of 4%, 4.5%, and 5% were developed in this research. Physical properties of the aggregates are summarized in Table 1 . The ag-gregate gradation used for the mixtures is selected according to the local code (iran highway asphalt paving code 2011) and depicted in figure 1. The allowable upper and lower bounds are shown as the two thick curves. aC 85/100 penetration grade (PG 58-22) bitumen was used in the mixtures. Marshall mix design procedure was followed and an optimum binder content of 4.5% was obtained for mixtures with limestone and 5.4% for mixtures with siliceous aggregates. asphalt beam specimens were obtained from a beam compactor equipment designed according to aSTM D3202-2000 (2000) . To eliminate the effects such as aggregate segregation, undesirable density distribution, etc., the beams were cut using a water cooled automated-saw to the dimensions of 80 mm tall by 40 mm wide with a span length of 320 mm. The dimensions are chosen based on the instructions in aSTM e1820-09 (2009) for single edge notched beam dimensions for fracture resistance testing. a mechanical notch with an initial length of 16 mm, resulting in a crack length (a) to width (w) ratio of 0.2 (a/w = 0.2) was fabricated in the middle of the beam span.
half of the notch length was cut using the water cooled automated saw with a 5 mm-thick blade. The remaining notch length was then cut by a 1 mm-thick handsaw to mitigate blunting of the notch at the tip as suggested by Wagoner et al. (2005) .The asphalt beam and the fabricated mechanical notch are shown schematically in figure 2. The two specimen faces were painted in white using a water based paint to enhance crack propagation tracking while processing the images taken continuously during the test. Measurement scales with a precision of 1 mm were stuck to both faces of the beams for measuring the crack length.
SE(B) test procedure
The test is conducted under a three point bending configuration. The ASTM E1820-09 (2009) specifications for the loading fixture are used in the test setup. The fixture was developed with a span length of 320 mm and a width of 100 mm. The rollers have a diameter of 40 mm and are setup to be free in rotation and moving apart slightly but are positioned to have the initial span length of 320 mm using soft springs. The center load point designed to provide a uniform loading has a radius of 10 mm which is equal to w/8 (aSTM e1820-09 2009).
The three point bend tests were carried out using a universal testing machine equipped with an environmental chamber with a total loading capacity of 25 kN. The load-line displacements and the compressive load on the beam surface are collected by the LVDT at the load frame actuator. a clip gauge was developed according to aSTM e1820-09 (2009) to separately measure the values of crack mouth opening displacements during the test. asphalt beams were placed in the environmental chamber of the testing machine 4 hours before the beginning of the test to confide the uniformity of temperature distribution throughout the specimens. Before starting the test, a preload (0.1 kN in most cases) was applied to the beam to assure its being seated on the fixture. Two high resolution digital cameras were mounted focusing on the two faces of the beam to continuously take pictures during the test with intervals of 5 and 1 seconds. a computer code was developed to synchronize the images taken continuously during the test with the corresponding values of load, load-line displacement and crack mouth opening displacements. Crack length increments during the test were measured directly from the high resolution fig. 1 . aggregate Gradation used in the asphalt mixtures fig. 2 . Schematic of the asphalt beam and the fabricated mechanical notch dimensions images of both specimen faces using the open source image processing software Imagej. Crack length values used in the j-r curve calculations were average values taken by the two cameras at specific time steps allowing a single specimen j-r testing process to be carried out. The test setup is shown in figure 3 . Mixtures with limestone and siliceous aggregates having three binder contents of 4%, 4.5%, and 5%, were tested in 6 temperature levels of +5, 0, -5, -10, -15, and -20 ºC. Three test replicates were made for each experiment. figure 4 illustrates three typical stages of captured crack growth in a test.
Dynamic modulus tests
Compressive dynamic modulus testing of the mixtures was carried out according to aSTM D3497-79 (2003) (2003) with 0.1 hz to 20 hz loading frequencies. Cylindrical specimens with a height of 150 mm and a diameter of 100 mm were prepared. LVDT holders were glued to the specimen and the axial LVDTs were then mounted on them. figure 5 shows the dynamic modulus test setup. Tests were run at six temperature levels of +5, 0, -5, -10, -15, and -20 ºC. a typical loading wave and response which is based on a maximum axial stress of 241 kPa is depicted in figure 6 . elastic moduli obtained from the dynamic modulus tests explained above are presented in Table 2 and used in the calculations of the j-integral. Table 3 lists a summary of the experiments for the present research. 
J-integral calculation
as pointed out earlier, rice (1968), proposed the j-integral for a nonlinear elastic material as a measure of the crack tip singularity amplitude of the HRR field. J-integral was for the first time evaluated experimentally by Begley and Landes (1972) and Landes and Begley (1972) based on its energy release rate definition, expressed as in eqn (1):
where U is the strain energy and B is the specimen thickness. The term "rate" addresses the change in the strain energy by each increment of crack growth, da. rice (1968) presented experimentally measurable forms of J as in eqn (2):
where P is the load and ∆ is the load line displacement (LLD).
Considering the fact that ∆ is composed of elastic, ∆ el , and plastic, ∆ pl components for an elastic-plastic material, J can be written as:
where the elastic J can be computed using the stress intensity factor, K. Hence, for plain strain configurations, according to aSTM e1820-09 (2009), J el is calculated by eqn (4):
where: E -The Young's modulus, and υ -Poisson's ratio.
The plastic J is then determined by eqns (2a) and (2b) as follows in eqn (5):
where pl LLD A is the plastic fraction of the area under the P -∆ curve.
Knowing that the J obtained by the expressed method is for a stationary crack, the J estimations should be corrected at any increment of crack extension to account for a growing crack condition. Based on the deformation theory of elasticity, ernst et al. (1981) derived the complete differential of J pl as in eqn (6):
where η LLD and γ LLD are geometry factors depending on the a/w ratio. Integrating Eqn (6) to find J yields:
applying a numerical method of incremental integration to compute J pl , for a crack extending from a i to a i+1 corresponding to plastic LLDs of i pl ∆ and 1 i pl + ∆ respectively, the LLD based incremental j-integral equation will be as follows: Zhu et al. (2008) proposed a CMOD based j-integral calculation method to enhance the accuracy of j-integral calculations in comparison with the LLD based J values especially for shallow-cracked Se(B) specimens which is the case in the present research. They followed a procedure similar to that of the LLD based J computation and formulated a CMOD based J estimation scheme.
The total CMOD, denoted by V, is separated into an elastic component, V el , that can be calculated at any load point by load times the elastic CMOD compliance; and a plastic one, V pl . Obtaining the plastic J for a stationary crack and applying corrections for the growing crack condition one has:
where η CMOD and γ CMOD are the CMOD based geometry factors and b is the remaining ligament. By means of a numerical integration procedure, the CMOD based incremental j-integral equation for a growing crack is obtained as the following:
η CMOD is updated at every increment of crack length using equation 11 which is concluded to be the most accurate by Zhu et al. (2008) : 
Journal of Civil Engineering and Management, 2015, 21(5): 559-570 it should be noted that the geometry factors, η and γ, computed by eqns (11) and (12), are obtained for metals. even though they are used in their current form in the present research, they can be calibrated using finite element analyses for asphalt concrete to improve the accuracy of the analysis.
in order to reduce uncertainties of the LLD based j-integral calculations resulted mainly from slightly inaccurate LLD readings of the actuator LVDT (the contact area between the top surface of the asphalt beam and the loading roller usually undergoes some degree of crushing which can reduce the accuracy of deflection readings by the LVDT), a CMOD based j-integral calculation described above is used in the present research to obtain more reliable results.
Results and discussions
Temperature
Typical plots of load vs. LLD and load vs. CMOD for different test temperatures (T) are depicted in figures 7a and 7b. it can be seen that by reducing the temperature, less plastic deformation is encountered in the mixture and the mixture behaves in a more brittle manner. as will be pointed out later, a fracture toughness (j iC ) transition temperature in which the mixture starts to behave in an entirely brittle manner is found to be in the range of -15 ºC to -20 ºC where the ductility of the mixture is significantly diminished and therefore, the behavior cannot be efficiently analyzed by means of the R-curves. This temperature is different from the glass transition temperature (T g ) at which the rate of change of specific volume with respect to temperature undergoes a discontinuity. in other words, below the glass transition temperature asphalt concrete is in a glassy state and above that the behavior is viscoelastic (University of Wisconsin-Madison 2010) .
from the load versus LLD and load versus CMOD records, it is observed that reduction of temperature leads to a reduced nonlinear and plastic behavior of the mixtures, however, nonlinearity and plastic deformations at lower temperatures are still encountered close to the peak load. This greater nonlinear and plastic deformation trend at higher temperatures causes the greater fracture energy of the mixtures than that at lower temperatures. at lower temperatures, fracture occurs in higher amplitudes of peak load but less displacement (LLD and CMOD). as an example, for a 4% binder limestone mixture at +5 ºC, the peak load is 0.699 kN and fracture initiates at a load line displacement of 4.161 mm with a CMOD of 1.907 mm. While for the same mixture tested at -20 ºC, the maximum load at fracture equals 2.020 kN with LLD = 1.163 mm and CMOD = 0.115 mm. This trend is in agreement with the results of the researches by Kim and el hussein (1997) , Marasteanu et al. (2002) , and Braham et al. (2007) .
Based on the above, at higher temperatures, greater energy is consumed to form fracture surfaces known as fracture initiation which is mainly due to greater ductility of the binder in the mixture while at lower temperatures and as the ductility of the binder is reduced, less energy is absorbed by the asphalt mixture to experience fracture. as will be discussed in Sections 2.2 and 2.3, a similar trend -i.e. greater susceptibility of the mixtures to unstable crack growth at lower temperatures -is observed for the temperature range considered in this research.
it was also observed that, at higher temperatures (ranging from +5 ºC to -10 ºC in this research), fracture initiates and progresses due to the loss of bond between the binder and the aggregates which occurs in the interface of binder and aggregates. as the temperature is reduced and the aggregate-binder bonding is strengthened, fracture can occur in the aggregates if they are in the fracture process zone as indicated in figure 8.
Resistance curve behavior
Experimental results of the J-R curves
as pointed out earlier, test specimens for both aggregate types with three different binder contents of 4%, 4.5%, and 5% were developed in this study. fig. 8 . fractured aggregates in the specimens tested at lower temperatures (left) vs. fractured binder in specimens tested at higher temperatures (above -10ºC) fig. 9 . j-r curves for different test temperatures and binder contents in limestone asphalt concrete each test temperature, T, which is captioned on top left of each figure. It can be seen that for a specific temperature, increasing the binder content results in a greater fracture resistance of the mixture which is due to the toughening of the mixture caused by increased bonding ability. at lower temperatures, the toughening process persists by reducing the temperature approximately up to the point of the j iC transition temperature. By the beginning of the brittle fracture, the mixture exhibits lower fracture resistance and less crack growth stability which is obvious from the flatter R-curves occurred immediately after the vertical state in figure 9f and figure 10f .
it should be noted that, since the low temperature fPZ of the asphalt concrete is reported (Li, Marasteanu 2010) to have a length of 20 mm to 25 mm at a temperature of -18 ºC, crack extension is followed up to a maxi-4% Binder (Power Law Regression R-Curve) 4.5% Binder (Power Law Regression R-Curve) 5% Binder (Power Law Regression R-Curve) 4% Binder (R-Curve Points) 4.5% Binder (R-Curve Points) 5% Binder (R-Curve Points) mum length of 45 mm at -15 ºC and 40 mm at -20 ºC in this research to assure remaining in the j-controlled region for analysis. however since, to the authors' knowledge, no fPZ lengths are reported for higher temperatures and an extrapolation of fPZ lengths for different temperature levels reported in the same research results in an fPZ length of 15 mm, crack extensions of up to 55 mm are considered for specimens tested in temperature levels above -15 ºC, to remain in the j-controlled region.
as can be seen in figures 9 and 10, the r-curve at the initial stages of the crack growth is rising and nearly vertical which is known as the stable crack growth phenomenon. in this stage, even though no apparent crack growth is observed, the j-integral is increasing which is due to the blunting at the crack tip caused by plastic deformations. Later, as the CMOD is increased by further loading the beam specimen, greater apparent crack growth is observed (e.g. figs 4b and 4c) and the r-curve tends to become less steep which indicates unstable crack growth. This in fact means that further crack propagation in the mixture does not necessarily require an increase in the external load.
r-curves at lower temperatures tend to be steeper or approximately vertical in the initial deformations phase, which is indicative of further brittle behavior of the mixture by reduction of temperature. in the present research, samples tested at -20 ºC exhibited a dominating brittle behavior and the crack growth was substantially unstable. figure 9f indicates a distinct crack growth behavior in comparison with the r-curves obtained for higher test temperatures. at T = -20 ºC, in less than 3 mm of crack extension, the r-curve starts to become less steep in such a way that in crack extensions greater than 10 mm, an entirely flat R-curve is encountered. In fact, for a tem- fig. 10 . j-r curves for different test temperatures and binder contents in siliceous asphalt concrete 4% Binder (Power Law Regression R-Curve) 4.5% Binder (Power Law Regression R-Curve) 5% Binder (Power Law Regression R-Curve) 4% Binder (R-Curve Points) 4.5% Binder (R-Curve Points) 5% Binder (R-Curve Points) perature level of -20 ºC and below, instability is seen to initiate from very small values of crack extension. The lowest temperature in which the behavior can properly be described and analyzed by the r-curve approach was revealed to lie between -15 ºC to -20 ºC in this research that is in close agreement with the findings of Kim and el hossein (1997) in their non-linear elastic analysis.
Determination of fracture instability toughness (J inst )
all the mixtures tested up to a temperature level of -15 ºC in this research, have shown an entirely rising r-curve which is a desirable material behavior. however, mixtures with siliceous aggregates have exhibited lower fracture resistance. This is due to the less bond ability between the binder and the aggregates that are a result of less binder coating of siliceous aggregates as presented earlier in Table 1. j-integral at the onset of instability as well as the crack length required for the initiation of unstable crack growth is measured for the beam specimens. a common methodology which is also used in this study to assess the crack growth instability is generating crack driving force diagrams which is a plot of the applied j and the r-curve versus crack length. figure 11 shows the driving force diagrams for the type a specimens tested at +5 ºC. instability occurs when the driving force exceeds the resistance of the hMa as indicated in eqn (11):
where J app is the rate of change in potential energy with the crack area. Tables 4 and 5 , summarize the values of crack lengths initiating unstable crack growth (a cr ) as well as the corresponding value of the j-integral (J inst ) for each mixture. It is evident from the tables that for a specific test temperature, greater fracture energy is required to initiate unstable crack growth as the binder content is increased.
The corresponding values of j-integral at the onset of instability confirm this conclusion. In test temperatures above -10 ºC, as is pointed out earlier, the main reason of failure and instability is the interfacial failure and debonding of aggregates and asphalt binder. Thus, the crack advances through the binder for the most part (referring to Tables 4 and 5, it can be seen that the difference between critical crack lengths for the three binder contents at temperatures above -10 ºC is considerable). it can be concluded that increasing the binder content leads to a reduction of the critical crack length in the hMa mixtures.
Determination of fracture initiation toughness (J IC )
The elastic-plastic fracture toughness (J IC ) defined as the point of the initiation of stable crack growth, is determined by means of the r-curves in this research. a comparison between the values of the fracture toughness for different test temperatures and different binder contents are presented in figures 13 and 14. it can be seen that the fracture toughness for each binder content increases by reducing the temperature which is due to the rise in the binder toughness by the reduction of temperature and the strengthening of the bonds between the aggregates surface and the bitumen. The rise can be seen from +5 ºC to -15 ºC. in this study, the fracture toughness is reduced below -15 ºC for both limestone and siliceous mixtures as a result of the weakened bonding caused by pronounced difference between the coefficients of contraction between aggregates and the bitumen. The trend is also seen in the research by Kim and el hussein (1997 Conclusions in this research, mode i low temperature fracture resistance of the hMa mixtures were investigated in terms of the r-curve behavior. a single specimen technique was implemented as detailed in the paper. The following conclusions can be made: -fracture resistance of the hMa increases with the increase in critical crack length -known as the length up to which crack growth is stable. The increase is temperature and binder content dependent. This can be assessed in terms of the r-curves. -The critical crack length varies to a greater extent with temperature than with binder content. This crack length is decreased as the temperature is dropped. -reduction of temperature results in a further tendency of the mixture for unstable crack growth. This can be of serious concern in cracked pavement systems at temperatures below -15 ºC. -even though the modulus of the asphalt concrete is increased by reducing the temperature which is indicative of higher stiffness and better load bearing capacity, the crack growth resistance trend is not consistent. The mixture exhibits an improving crack growth resistance and fracture toughness up to -15 ºC and starts to degrade thereafter in terms of fracture resistance. -Loss of bond strength between the binder and the aggregate surface due to the embrittlement of the bitumen and the difference in the coefficients of thermal contraction of the two materials at lower temperatures causes a drop in fracture toughness.
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